SUMMARY -Spinal cord as soon as brain, can be affected by dysmyelinating and demyelinating diseases, as Multiple Sclerosis (MS), Acute Disseminated Encephalomyelitis (ADEM), Neuromyelis Optica (NMO) and Transverse Myelitis. Investigation of the spinal cord with a high field strength MR system is hampered by the inhomogeneous magnetic field, physiological movements and the small size of the anatomical area. We describe normal and pathological neuroradiological findings in spinal cord white matter and the parameters of optimized sequences for use with the 3T MR systems.
Introduction
The spinal cord study with a high field strength MR system is hampered by the small size of the spinal cord surrounded by pulsating cerebrospinal fluid (CSF), and the motion of the body and its organs during the examination.
Thanks to its high spatial resolution, temporal resolution and signal/noise ratio, the use of a 3 Tesla MR device and a dedicated phased array coil, has dramatically improved spine and spinal cord imaging, clearly displaying the anatomic details most difficult to examine.
The longer T1 longitudinal tissue relaxation time with 3T MR systems is proportional to the strength of the external magnetic field B0.
Tissue contrast between white matter, grey matter, CSF and bone tissue is not optimal with traditional spin echo and/or fast spin echo sequences.
Then, in our experience they are often replaced by T1 FLAIR acquisitions (Fast Spin Echo-IR) which yield T1-weighted images with satisfactory contrast.
Unlike images produced by systems using a lower magnetic field strength, 3T MR T2 sequences are highly diagnostic, disclosing the finest anatomical details.
The Axial MGRE T2* (Multiple Gradient Echo T2) sequences enhanced the differences between the medullary horns and cords and allowed millimetric thin slices for the detection of minute lesions.
The T2-weighted Fast Spin Echo (FSE) sequence with fat suppression (Fat Sat) accurately displayed the nerve roots, intervertebral disc hydration and any malformations [1] [2] [3] [4] [5] .
Few spectroscopy studies have addressed cervical diseases because of technical difficulties limiting the quality of the spectroscopy data [6] [7] [8] [9] [10] [11] . In our experience a single voxel spectroscopy study ( 1 H-MRS) at 3T system was carried out in ten of the volunteers to determine the normal range of concentrations of the main metabolites in the spinal cord 12 . After, we measured the main metabolites in cervical spinal cord plaques of a group of relapsing remitting MS (RRMS) patients and compared them with healthy volunteers metabolite measures 13 .
In spite of difficulties Diffusion Weighted Imaging (DWI) and Diffusion Tensor Imaging (DTI) can be performed also in spinal cord white matter disease at 3 T system.
We haven't direct experience, but there are some articles to demonstrate the applicability of echo-planar imaging to the spinal cord using a 3T system [14] [15] [16] [17] .
Material and Method
In our experience the best sequences in the spinal cord white matter diseases using a 3Tesla MR system (Signa EXCITE 3T) and a dedicated eight channel phased array coil (USAI 8chCTL coil) are listed in table 1.
A single voxel spectroscopy study ( 1 H-MRS) was prescribed in ten volunteers to determine the normal range of concentrations of the main metabolites in the spinal cord (table 2) .
The spinal cord data were compared with data previously acquired from the brainstem (table 3) (figure 1). We after performed the same protocol in a group of 15 RRMS patients (table 4) .
Spinal cord DWI and DTI were widely carried out in patients suffering from MS using 1.5 MR system (18) (19) (20) (21) , but recently some manufactures provided sequences appropriated to 3T system to reduce susceptibility and to speed up the acquisition to avoid the effects of physiology motion [14] [15] [16] [17] .
Morphological results
The longer T1 longitudinal tissue relaxation time with 3T MR systems is proportional to the strength of the external magnetic field B0. Tissue contrast between white matter, grey matter, CSF and bone tissue is not Table 2 The single-voxel spectra were obtained by a point-resolved spectroscopy (PRESS) spin-echo sequence, with TR 2000 ms and TE 35 ms. A three-pulse chemical shift-selective (CHESS) saturation sequence for water suppression and 400 repetitions were used. Six VSS saturation bands (30 mm thick) were placed contiguously to the volume of interest (VOI) to minimize fat contamination. To prevent fat contamination, a rectangular VOI along the main axis of the cord with dimensions of approximately 7×9×35 mm (mean volume 2.4+/-0.4 ml, range 1.8-3.0 ml) was prescribed between the C2-C3 levels.
• PRESS and chemical shift-selected (CHESS) water suppression • VOI approximately 7 x 9 x 35 mm (mean volume 2.4 ± 0.4 ml, 1.8-3.0 ml) localized between C2-C3 • 6 spatial saturation bands were placed around the VOI to minimize fat contamination • TE = 35 ms, TR = 2000 ms, 400 repetitions (and 16 without water suppression), total acquisition time ~14 min • automated optimisation of gradient shimming, transmitter pulse power and water suppression • data analysis: LC-model optimal with traditional spin echo and/or fast spin echo sequences. However, it's very important to perform sagittal T1-w sequence because in most of white matter diseases it's needful to integrate the study with contrast medium injection. Despite an increase in magnetic susceptibility using a 3T unit, for an increase in signal to noise ratio, spatial resolution can be increased reducing the effects of partial volume and thereby disclosing structures difficult to visualize with 1.5 T MR system. FSE T2 sequences and mostly axial MERGE T2* are not only of diagnostic value, but provide for anatomical detail, particularly the different white matter, the grey and the liquor and allow a precise localization of lesions 5 (figure 2). Short Tau Inversion Recovery (STIR), fast-STIR or FSE T2-w Fat Suppressed sequences seem to be useful for sagittal imaging and may depict additional lesions compared with T2-weighted conventional spin echo (CSE), although they are more susceptible to artefacts. FSE-DP T2-w with an appropriate short TE dis-closes subtle MS abnormalities in the spinal cord, which are slightly hyperintense to CSF (figures 3-6).
Metabolic results
Brain proton MR spectroscopy is considered a useful technique for evaluating neuronal/axonal damage and demyelization in white matter disease such as MS. Many cerebral quantitative MRS studies on MS patients have evaluated the correlation of the specific single metabolites with specific physiologic events during the MS disease course [22] [23] .
The N-acetyl aspartate (NAA) peak is supposed to be a neuronal marker indicative of axonal integrity and NAA has been found reduced in acute and chronic lesions and in NAWM and NAGM [24] [25] . In some cases NAA deficit correlated with MS-related clinical disability better than the traditional MRI radiological markers 26, 27 . A peak increase in Choline-containing compounds (Cho), representing increased Cho mobility, in MS patients is considered to reflect inflammation, demyelination and remyelination 22 . Some studies have advocated mI as a potential marker of the clinical MS evolution of patients with an initial clinically isolated syndrome (CIS) 28 . Lastly, a myoinositol (mI) peak increase in MS patients has been interpreted as a possible indicator of gliosis or glial cell proliferation 22 .
MS disability is frequently related to spinal cord lesions and potential markers for MS stage differentiation and severity would require in vivo quantification of spinal integrity, but there are few published works on spectroscopy study of cervical diseases because of the technical difficulties limiting the quality of data.
More than 80% of early stage MS patients show MRI spinal cord abnormalities, and spinal cord examination can enhance the MS diagnostic specificity when there are MRI brain white matter abnormalities. Moreover the occurrence and the characteristics of spinal cord abnormalities are largely independent of brain lesions. Although the sensitivity of spinal cord MR imaging is high, the relation between MR imaging and clinical findings remains poor. As already demonstrated by several brain studies, MRI parameters (like T2, T1 but also MTR) in the spine also correlate better with demyelization than with the axonal disease, that is the most direct cause of disability in MS patients.
We developed a protocol for quantitative single voxel cervical spinal cord, presenting the first mean relative concentration ratios for NAA, creatine plus phosphocreatine (Cr), Cho and mI, using a clinical 3T MR system on the cervical spinal cord plaques of a group of 15 relapsing-remitting MS (RRMS) patients and compared them with the metabolite content of a group of healthy volunteers 12 . We used 1 H-MRS to evaluate mean relative concentrations ratios for NAA, Cr, Cho and mI during the study of cervical spinal cord plaques in a women with RRMS. A cervical spine MR exam was repeated six times for 126 days starting from the onset of a relapse phase, using a 3T whole-body system, with the voxel placed along the demyelization lesion. The quantification results were compared with the healthy metabolites content. Quantitative cervical spectroscopy is a reliable tool and can offer important metabolic information as already used on the brain to evaluate the severity, progression and pathogenesis of multiple sclerosis 29 .
Two cases of MS were analyzed with 1 H-MRS with the voxel placed along the main axis of the normal appearing cervical spinal cord. We found a significant increase in mI/Cr and a small increase in Cho/Cr in the first patient, whereas the second patient had a decrease in NAA/Cr and NAA/Cho ratios. 1 H-MRS will disclose biochemical changes in MS, even in normal appearing spinal cord, as already described in normal appearing cerebral tissue: these biochemical changes may provide significant information on disease prognosis 30 .
DWI and DTI results
Studies of DWI and DTI, which are already complex using 1.5T equipment to investigate the spinal cord, have been widely described using different techniques with different advantages and disadvantages.
Even more difficult was the search for new sequences to be applied using high-field devices to obtain information about structural nature of normal and pathological spinal cord.
Clark and colleagues have already implemented in vivo DWI of the spinal cord in MS patients, using an 1.5T device, with conventional, cardiac-gated, navigated diffusion-sensitized spin echo sequence. He found an increased of diffusivity rates in focal MS lesions, with a significantly decrease in anisotropy compared with healthy controls, explained by several factors: loss of myelin from white matter fiber tracts, expansion of the extracellular space fraction, and perilesional inflammatory edema 19 .
Farrell presented the results of DWI of the spinal cord in MS in vivo in four patients compared with the results obtained in eight healthy volunteers using a 3T equipment 14 .
In a recent review Thurnher stressed the importance of the application of DTI and 3D Fiber Tractography (FT) in the evaluation of the disease of spinal cord as MS and pointed up that the Fractional Anisotropy (FA) and the FT can investigate the structural nature of the disease 31 .
Some authors agree that the FA in patients with multiple sclerosis is significantly lower and that there is a good correlation between this parameter and the degree of disability [32] [33] .
Others emphasize that significant changes in DTI metrics can be present in normal appearing cervical spinal cord of MS patients at conventional MR examination [34] [35] . 
Conclusions
The spinal cord is a clinically eloquent site containing important sensory and motor tracts; spinal cord disease resulting from a number of pathologic processes is therefore an important cause of disability.
Thanks to its high spatial resolution, temporal resolution and signal/noise ratio, the use of a 3 Tesla MR device and a dedicated phased array coil, is clearly displaying the anatomic details most difficult to examine and can facilitate early diagnosis of MS in patients who have clinically isolated syndromes 36 .
The morphological study of the spinal cord with high field MR scan can be considered reasonably sensitive to detect white matter lesions, however, is neither specific or sensitive enough to identify the axonal loss.
So it is essential to obtain data about the metabolism and microstructure of pathological and healthy tissue to assess the degree of disease, monitor it over time and the efficacy of therapies using non-conventional techniques such as 1 H-MRS, DWI and DTI. 
